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Chronic effects of dietary protein in the rat with intact and reduced
renal mass. The chronic effects of dietary protein on renal structure and
function were studied in rats with normal and reduced renal mass.
Control rats with two kidneys were compared with unilaterally nephrec-
tomized rats, and with one and one—third nephrectomized rats obtained
by unilateral nephrectomy and infarction of one—third of the remaining
kidney. Rats at each level of renal mass were maintained on chow
containing either 6% or 40% protein content. Separate cohorts of rats
were studied four and eight months after ablation and institution of
these dietary regimens. At both time intervals and at all levels of renal
mass, rats fed the high protein diet had higher average values for GFR
than comparable animals fed the low protein chow. Within each of the
dietary regimens the animals with loss of renal mass developed greater
prevalences of sclerotic glomeruli by eight months. Furthermore, at
each level of initial renal mass, rats eating the high protein diet had a
greater prevalence of sclerotic glomeruli than those on the low protein
diet. Similarly, rats on the high protein diet had greater rates of protein
excretion than those on the low protein diet at each degree of ablation.
The prevalence of sclerosed glomeruli increased between four and eight
months in each group. Thus, the extent of renal injury as manifested by
proteinuria and glomerular sclerosis was directly related to the degree
of initial loss of renal mass, and dietary protein restriction retarded
these manifestations of injury across a wide range of initial renal mass.
These chronic observations are in accord with the hypothesis that
substantial glomerular hyperfiltration and hyperperfusion eventuate in
progressive glomerular injury, and support the view that dietary protein
restriction in the setting of reduced renal mass can afford considerable
long—term protection of the glomerulus.
Extensive loss of renal mass in the rat leads to increased
glomerular filtration rates in the residual nephrons. This "com-
pensatory" hyperfiltration is the result of increased hydraulic
pressure and plasma flow rates within remnant glomerular
capillaries [1—3]. Eventually, these hemodynamic adjustments
are followed by pathological processes in the residual glomeruli
13, 4]. These pathological changes are marked functionally by
loss of glomerular permselective properties resulting in protein-
uria and structurally by progressive glomerular sclerosis culmi-
nating in end—stage renal failure [3—61.
The imposition of dietary protein restriction has been shown
to limit these increases in glomerular capillary pressures and
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flows following extensive renal ablation [31. In these short term
studies, the appearance of proteinuria and early glomerular
abnormalities were also diminished by protein restriction [3].
Other studies have shown that the mortality and aspects of
renal structure and function of rats with such high grade renal
ablation can also be influenced by dietary protein intake [7—91.
In the present long—term study, we sought to determine
whether dietary protein restriction would be equally effective in
limiting the glomerular injury which develops more slowly
following less extensive reduction in renal mass. In particular,
we sought to show whether preservation of glomerular struc-
ture with dietary protein restriction could be related to reduc-
tion of the glomerular filtration rate both in rats with intact
kidneys and in rats with moderate reduction in nephron num-
ber.
Methods
One hundred and thirty—five male Munich—Wistar rats were
raised on standard chow and divided into three groups at twelve
weeks of age. The first group underwent no renal ablation and
served as two kidney controls. The second group underwent
right nephrectomy only. The third group underwent right ne-
phrectomy and ablation of one—third of the left kidney by
ligation of a segmental artery. Following these procedures,
animals were further subdivided so that half the rats in each
group were maintained on a high protein diet containing 40
percent casein while the other half received a low protein diet
containing 6 percent casein. The difference in casein content of
the low protein diet was substituted by carbohydrates, dextrin
and sucrose, so that the diets were isocaloric by weight. Trace
elements, vitamins, and salts were added in identical amounts
to both diets. All rats were allowed to eat and drink water ad
libituin.
After four months, food intake, protein excretion, inulin
clearance, blood pressure, serum chemistries, and glomerular
morphology were evaluated in nine to twelve rats from each
group. After eight months the remaining nine to ten rats in each
group were studied in identical fashion. For the measurement of
proteinuria and food intake, rats were housed in individual
metabolic cages for twenty—four hours. Thereafer, inulin clear-
ances and blood pressure were measured under mactin anes-
thesia (100 mg/kg/body, intraperitoneally) and samples for
plasma chemistries were obtained. Polyethylene catheters were
509
510 Ho letter el at
Table 1. General parameters at four months
placed in the femoral artery, jugular vein, left ureter, and
trachea. Two clearance periods were collected in each animal.
Inulin was measured in urine and plasma by the anthrone
method [6]. Urinary protein excretions were determined by the
sulfosalicylic acid method [101. Plasma and urine phosphorus
concentrations were determined by the Fiske-Subbarow meth-
od [Ill. Plasma urea nitrogen concentration (PUN) was mea-
sured on a Beckman BUN analyser (Beckman Instruments,
Fullerton, California, USA). Plasma protein concentration was
determined by refractometry.
Following these functional measurements, the kidneys were
fixed by perfusion at the measured arterial pressure with 1.25%
glutaraldehyde in 0.1 M cacodylate buffer (pH 7.4). All
kidneys were freed of perirenal fat and weighed in the fixed
state. The tissue was rinsed in buffer, postfixed in 1% osmium
tetroxide, dehydrated, and embedded in epon 812. Sections I
j.rm in thickness were stained with 1% toluidine blue in lVc
aqueous borax for examination by light microscopy. Quantita-
tive analysis of glomerular lesions was performed on one or two
coronal sections of each kidney. The tissue slices were
postfixed in buffered formaldehyde solution (4 g/100 ml) follow-
ing perfusion fixation and further processed for histology; 3 m
thick paraffin sections were stained with hematoxylin and eosin
and PAS (periodic acid Schiff). Two hundred to six hundred
glomeruli per animal were evaluated for the presence of seg-
mental lesions. For this purpose, a grid of squares was super-
imposed on the PAS-stained section(s) and all glomeruli were
counted and evaluated for segmental or global sclerosis.
Glomeruli adjacent to the scar tissue in the animals that had
undergone one and one—third nephrectomy were excluded.
Segmental lesions were defined as areas of the tuft showing
collapse of the glomerular capillaries accompanied often with
hyaline deposition and/or adhesion of the tuft to the Bowman's
capsule.
Statistical comparisons between groups within each of the
two time periods were made by using analysis of variance with
the critical t value obtained by the method of Bonferroni. The
values for urinary protein excretion and the percentage of
glomeruli with sclerosis were transformed to natural logarithms
prior to analysis of variance, in an effort to correct for non-
Gaussian distribution. Comparisons between the four month
and eight month groups were performed by unpaired Student's
t-test. Results are expressed as mean standard deviation
unless otherwise noted.
Results
Studies at Jour months
General observations (Table I). No group experienced an
increase in mortality. Up to three rats of the original twelve in
each group died, due to respiratory infections. Despite equiva-
lent amounts of renal ablation, rats eating the low protein diet
had significantly lower body weight after four months than
those on the high protein diet. However, food intake measured
at four months was not significantly different between rats on
the two types of diet or between those with the three levels of
renal mass within each dietary regimen, Plasma urea nitrogen
levels were, as expected, significantly elevated in all three
groups on the high protein diet, values increasing with progres-
sive ablation. The effects of dietary protein intake and of renal
ablation on renal growth were also readily apparent. Kidney
weights were significantly greater in the animals on the high
protein diet at each level of renal mass. Furthermore, the
remaining left kidneys in animals with unilateral nephrectomy
demonstrated signficant increases in weight compared to the
left kidneys of animals with no ablation. Of note, this response
was apparent at both levels of protein intake.
Plasma protein concentration tended to be slightly higher in
the rats on the high protein diet; this difference was significant
for the groups with unilateral nephrectomy and one and one
third nephrectomy. Plasma phosphorus concentrations did not
differ among the three groups. Urinary phosphorus concentra-
tion was greatest in the control animals eating the high protein
diet, a value which was significantly greater than in the control
rats on the low protein diet. In unilaterally ncphrectomized and
one and one—third nephrectomized animals, urinary phosphorus
Left Total
Body wt kidney wt Foodintake HCT
plasma
protein pu5 i u
Control LP
N— 12
HP
N—9
2622633
18
g
0.98
0.06
15h
0.24
g/24 hr
13.0
3.6
12.8
4.2
48
2
50
3
g/dl mg/dl
5.6
0.4
6.0
0.5
10
3
3O'
8
7.6
1.6
7.2
0.7
91
SI
136
34
Unilateral LP 243 l.49 14.2 48 5.1 13 7.9 85
ncphrectomy N—9
HP
N—9
26
34617
t).l4
2.4l
0.34
2.4
10.6
5.8
2
51
2
0.5
5.8'
0.4
3
375
9
1.1
7.9
1.2
63
85"
28
1-1/3 LP 234" 1.23 13.1 47 5.4 II 6.7 83
nephrectomy N II
HP
N—Il
334h
÷15
0.15
2.49
0.36
5.3
13.7
2.8
3
51
3
0.2
595
0.2
6
47h.
13
1.1
8.0
1.0
37
66"
39
Abbreviations are: LP, low protein; HP, high protein; WT, weight; HCT, hematocrit; P plasma urea nitrogen; P, plasma phosphorus; Up,
urine phosphorus.
P < 0.05 vs. LP animals at same level of renal mass
P < 0.05 vs. control animals for same group
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Control LP 101 0.84 6 0.02
N= 12 15 0.23 6 0.08
HP 106 145b 20b 0.68
N=9 0.28 9 1.18
Unilateral HP 112 1.04 4 0.20
nephrectomy N=9
HP
N=9
113
0.27
216b
0.37
2
20b
8
0.13
0.94
0.59
1-1/3 LP 138 0.76 20C 5.04c
nephrectomy N= 11
HP
N=l1
118
0.22
150b
0.33
9
63b,
30
3.83
1342b,
11.10
a Abbreviations are: LP, low protein; HP, high protein; AP, mean
arterial pressure; GFR, inulin clearance; UprotV, urine protein excretion
rate
b p < 0.05 vs. LP animals at same level of renal mass
p < 0.05 vs. control animals for same dietary group
concentrations did not differ between groups on the two dif-
ferent diets.
Renalfunction (Table 2). The GFR was significantly greater
in the high vs. low protein fed animals at each level of renal
mass. On average, the high protein fed rats had GFR values
approximately twice those of their low protein fed counterparts.
Compensatory augmentation of GFR, like compensatory renal
hypertrophy, was apparent within the high protein fed groups;
unilaterally nephrectomized animals had a GFR value almost
50% greater than similarly fed control rats with two kidneys,
(2.16 0.37 vs. 1.45 0.28 mI/mm, P < 0.05). The increase in
GFR after uninephrectomy was less striking in low protein fed
animals in which the GFR of 1.04 0.27 ml/min in the
nephrectomized rats was only 24% greater than that of 0.84
0.23 mi/mm in the left kidney of rats with two intact kidneys.
Mean arterial pressure, AP, tended to be higher in rats with
one and one—third nephrectomy than in control rats in both
dietary groups, but this trend was statistically significant only in
the low protein fed rats where AP rose to 138 15 mm Hg.
Pathological response (Table 2). Urinary protein excretion
was significantly greater in the high protein fed rats at each level
of renal mass. Rates of protein excretion varied from three to
fivefold greater than in comparable protein restricted rats.
Within each dietary regimen, rats with the one and one—third
nephrectomy had the highest rates of proteinuria, with values
significantly greater than those in the rats with both kidneys.
The proportion of glomeruli with morphologic changes was
greater in rats fed the high protein diet at each level of renal
mass (Table 2). In parallel with their greater urinary protein
excretion, rats with one and one—third nephrectomy had the
highest proportion of glomerular abnormalities within each
dietary group. On both the high and low protein diets glomer-
ular lesions were significantly more frequent in one and
one—third nephrectomy rats than in control rats. Dietary protein
restriction limited, but did not prevent, notable glomerular
pathology in rats subjected to this degree of initial reduction in
renal mass.
Studies at eight months
General observations (Table 3). Even after eight months
there was no trend to increased mortality in any group: one or
none of the remaining ten animals in each group died before
completion of the study. As shown in Table 3, general param-
eters at eight months were similar to those at four months.
Lower body weights were again observed in rats fed the low
protein diets; absolute weights remained very similar to those
noted at the four month interval. As at four months, food
intakes were not different among any of the groups and plasma
urea nitrogen levels remained greater in rats with high protein
intakes. Only the high protein fed animals with the greatest
degree of ablation demonstrated significantly greater PUN
values at eight months compared to four months (74 + 32 vs. 47
13 mg/dl). The stimulatory effect of increased dietary protein
on renal mass established by four months persisted at eight
months (Table 3), with increases in renal mass of similar
magnitude to those observed at 4 months.
Plasma protein concentration again tended to be slightly
greater in rats on the high protein diet, although these differ-
ences were not significantly different among the groups studied
at eight months. Likewise, hematocrits were not different
among the groups studied at eight months, and only in the
animals with high grade nephrectomy on the high protein diet
did a significant reduction in hematocrit appear between four
and eight months (51 3 vs. 45 4 vol%). The patterns of the
plasma and urinary phosphorus concentrations which were
noted at four months persisted in rats studied at eight months.
Specifically, there were no significant differences in plasma
phosphorus levels, and urinary levels were significantly higher
in the control rats on the high protein diet, but tended to be
lower on this diet in the unilaterally and one and one—third
nephrectomized groups.
Renal function (Table 4). As at four months, rats eating the
40% protein diet had significantly higher average values for
GFR than those on 6% protein at each level of renal mass.
Compared to values obtained at four months, there were no
significant changes in GFR in any of the groups at eight months.
Mean arterial pressure, AP, did not differ among any of the
groups studied at eight months. However, the same numerical
trend for the highest average value of AP to occur in the one and
one—third nephrectomized animals on a low protein diet re-
curred in rats studied at eight months.
Pathological response (Table 4). At each degree of initial
renal mass, rats on the high protein diet had significantly greater
rates of protein excretion. Proteinuria was maximal in rats with
the highest grade of ablation. Of particular note, protein excre-
tion rates were similar at four and eight months in most of the
groups. The prevalence of sclerotic glomeruli, however, in-
creased significantly between four and eight months in every
group (Fig. 1). Rats fed the high protein diet continued to show
significantly more glomerular abnormalities after eight months
at each degree of renal ablation.
The proportion of glomerular abnormalities was highest in
rats subjected to one and one—third nephrectomy and main-
tained on 40% protein chow. When individual data for these
animals were considered (Fig. 2), a significant inverse linear
relationship between GFR and percentage of sclerotic glomeruli
was apparent. The significance of this correlation derived
Table 2. Renal parameters at four months'
AP GFR UprotV
mm Hg mI/mm mg/24 hr
Glomerular
sclerosis
%
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Table 3. General parameters at eight monthsa
Left total
kidney wt Foodintake
g/24 hr
HCT
Y
plasma
protein
g/dl
N P.
mg/dl
u,.
0.94 14.2 46 5.6 10 5.3 80
0.23 2.4 2 0.6 3 1.3 21
I .61" 4.5 48 6.2 30" 6.2 I 15b
0.16 1.2 3 0.3 6 0.3 30
1.54C 12.2 45 59d 10 5.9 104
0.25 4.3 6 0.5 5 0.5 37
2.61" 12.3 49 62d 36h 6.2 94
0.39 2.4 2 0.4 7 0.4 31
1.17 12.5 42 5.5 9 S. 76
0.28 4.4 8 0.3 5 0.3 38
2.43 12.6 45 5.8 74h.C1 5.8 SIC
0.45 2.7 4 0.2 32 0.2 26
Body wt
g
Control LI' 228
N—9 +54
HP 342k
N—9
Unilateral LP 244
nephrectomy N—9
HP 3455
N—l0 +34
1-1/3 LP 215
nephrectomy N—9 36
HP 337"N9
Abbreviations arc as in Table 1
I-' < 0.05 vs. LP animals at same level of renal mass
1' .C 0.05 vs. control animals for same dietary regimen
P 0.05 vs. value at four months for same group
Table 4. Renal parameters at eight months'
AP GFR U0,V
mm Hg mi/mm mg/24 hr
Glomerular
sclerosis
Control
Unilateral
nephrectomy
- 1/3
nephrectomy
Control UNx 11/3 Nx
LP 104 0.70 5 0.50
N—9 0.09 2 0.40
HI' 106 1.30" 15" 1.8"'
N—9 -'-6 0.17 8 1.1
LP 114 1.l2C 4 S.2
N 9
HP
'19
I 0
0.33
I .95"
2
38"'
4.8
II .3""
2
N—tO
1.P
N—9
HP
123
-'-25
107
0.41
0.78
0.27
1.22"
27
br
957
7.4
17.3-"
12.0
37.2""
.2
N -9 0.63 26 21.0
40 —
30 —
20 —
10 —
0
8 4
Time, months
a Abbreviations are as in Table 2
P < 0.05 vs. LP animals at same level of renal mass
C p < 0.05 vs. control animals for same dietary regimen
P 0.05 vs. value at four months for same group
largely from the marked reduction ofGFR seen in rats with over
40 percent of glomeruli showing sclerotic changes. in these
animals, global as well as segmental sclerosis was often ob-
served. As shown by the means and standard deviation bars in
the lower left of Figure 2, the prevalence of glomerular sclerosis
varied over a narrower range in one and one—third nephrecto-
mized animals fed the low protein diet and no correlation
between percent glomerular sclerosis and GFR could be estab-
lished in these animals. Global sclerosis was rare in this latter
group as it was in itninephrectomized and intact animals on both
dietary regimens.
The most characteristic glomerular abnormality observed in
animals with a reduced number of ncphrons followed for up to
eight months was segmental collapse of capillaries often accorn-
panied by the presence of amorphous, hyaline material and
adhesion of the tuft to Bowman's capsule (Figs. 3 and 4B). The
lesions were often limited to less than one glomerular quadrant
4 8 4 8
Fig. 1. ihe percentage a! glosneriili Ii it/I sclerosis at the three Ie,el.s of
renal mass, on the tao dietary protein concentrations, and at the two
time intervals after ablation and initiation of the diets. Values are
means with standai-d error bars. Symbols are: (") P < 0.05 vs. low
protein animals at same level of ienal mass; + P < 0.05 vs. control
animals on the same dietary regimen; (A) P 0.05 vs. value at four
months; (S—•) high proiein; (O---O) bow protein.
in nephrectomized animals fed a low protein diet and intact rats
on a high protein regimen (Fig. 3A). The most extensive
segmental lesions (Fig. 3B) and global involvement of glomeruli
(Fig. 3C) were frequently observed in animals that had under-
gone one and one third nephrectomy and fed a diet high in
protein content. The latter group of animals also showed the
highest degree of glomerular capillary tuft hypertrophy which
was often associated with segmental mesangial matrix expan-
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sion (Fig. 4A). Such changes were less striking in the one and
one—third nephrectomy animals on low protein diet and
uninephrectomized animals on high protein diet, minimal in
intact animals on high protein diet, and absent in the intact
animals on low protein diet. Alterations of epithelial cells and
mesangial areas were common in areas of segmental sclerosis in
rats with one and one—third nephrectomy on the high protein
diet (Fig. 4B).
Among the extraglomerular alterations observed in animals
with frequent segmental and global sclerosis were areas of
tubular atrophy and interstitial fibrosis. Such lesions were
usually confined to areas of the kidney with prominent glomer-
ular pathology. Tubular casts were present in such areas,
however, they were most conspicuous at the level of the outer
stripe of the outer medulla where they distended ascending
thick limbs of Henle. Such cast material also extruded from the
tubules into the interstitium, where it was associated with a
mild mononuclear inflammatory cell infiltrate (Fig. 5A). Rare
areas of calcium deposition were also present in the outer
medulla, although inflammation or any other tissue reaction to
these deposits was not observed as a rule (Fig. 5B). However,
dystrophic calcification was often found in the necrotic areas of
renal parenchyma in animals that underwent ligation of
branches of the renal artery (one and one—third nephrectomy
groups).
Discussion
Glomerular sclerosis, accompanied by proteinuria, appears
with aging in rats with intact kidneys 121. Segmental lesions
involve the majority of glomeruli by the age of two years in male
rats fed ad libitum with standard chow containing 20 to 24%
protein 112]. Similar lesions develop more rapidly in remnant
glomeruli following surgical reduction of renal mass [13]. Fol-
lowing extensive renal ablation, glomerular pathology is appar-
ent within weeks in female [5] as well as in male rats [4, 6]. In
rats with very extensive renal ablation, morphologic changes,
including mesangial expansion, epithelial cell foot process
fusion, and protein droplet formation, are apparent within
seven to 14 days following the ablative procedure [3]. These
early structural changes are accompanied by proteinuria attrib-
utable to both charge—and—size—selective defects in glomerular
wall permeability to macromolecules [6]. We have previously
shown in these rats with only five to ten percent of the normal
nephron number that dietary protein restriction largely prevents
early development of both glomerular morphologic change and
proteinuria [3, 6]. The purpose of the present study was to
examine the chronic effects of varying dietary protein intake on
glomerular structure and function in rats with normal kidneys as
well as those with less extensive renal ablation.
In accord with expectations based on comparison of prior
studies of renal ablation [3—5, 13], the present results showed
that the degree of initial loss of renal mass appeared to dictate
the ultimate prevalence of pathological changes, that is, the
greater the extent of ablation the greater the eventual degree of
sclerosis. Dietary protein restriction effectively reduced the
appearance of glomerular sclerotic changes. The protective
effect of protein restriction extended even to normal animals
with no initial ablation and having the full complement of
nephrons. Dietary protein restriction, however, could not en-
tirely prevent ultimate development of glomerular sclerosis in
any group. Similar lesions developed over time regardless of the
starting number of nephron units.
Our previous study showed that restriction of dietary protein
limits the compensatory elevation in single nephron GFR as
well as reduction of the mesangial expansion, and proteinuria
present soon after extreme reduction in glomerular number in
rats on standard protein intakes [3]. On the basis of this
observation, compensatory hyperfiltration and hyperperfusion
were incriminated as causative in the damage to residual
glomeruli and the progressive decline in function of remnant
kidneys of animals maintained on standard diets. In the present
studies, this same correlation was reproduced with lower GFR
values in low protein animals being linked to reduced levels of
proteinuria and glomerular sclerosis. Thus, the present data are
consistent with our original hypothesis and further suggest that
the protective effects of low protein diets extend over an
appreciable portion of the life span of the animal and over a
wide range of nephron number.
Again, the influence of increased dietary protein and degree
of initial ablation on the appearance of glomerular pathology
likely reflect the effects of nephron number and protein intake
on glomerular hemodynamics. Specifically, the greater the
initial loss of renal mass, the greater the compensatory increase
in GFR of the surviving nephrons [1—3, 14]. Similarly, increas-
ing the protein content of the diet directly increases the GFR
.
.
2.0
1.6 .
0.4
0
20 40 60 80
Percent glomerular sclerosis
Fig. 2. Correlation of percentage of glomeruli showing sclerosis with
GFR in rats with one and one—third nephrectomy eating the high
protein diet and studied at both four and eight months. In the lower left
are the means with standard deviation bars for the similar rats on the
low protein diet. (r = 0.84, P < 0.01)
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[5—71, Thus, both greater degrees of nephrectomy and higher
protein diets provoke larger GFR's in residual nephrons, while
protein restriction keeps residual nephron GFR nearer to nor-
mal and retards development of glomerular sclerosis when
nephron number is reduced.
Micropuncture studies of animals with unilateral nephrec-
tomy and with one and five—sixths nephrectomy have docu-
mented the hemodynamic mechanisms whereby GFR increases
in residual nephrons [2, 31. These compensatory increases in
single nephron GFR arise from changes in two of the determi-
nants of GFR. First, the glomerular plasma flow rate increases
due to reductions in both pre- and post-glomerular vascular
resistances. Second, the glomerular transcapillary hydraulic
pressure gradient rises due to an increase in the glomerular
capillary hydraulic pressure. Both of these hemodynamic alter-
ations become progressively more pronounced with greater
degrees of ablation. Dietary protein restriction lowers single
nephron GFR in animals with the normal number of nephrons
by reducing glomerular plasma flow rate [15, 18]. When neph-
Fig. 3. Segmental and global glomerular sclerosis in animals with
renal ablation. A. Uninephrectomized animal on high protein diet. The
area of sclerosis is limited to less than one quadrant of the capillary tuft.
There is a small area of hyalinosis (arrow), early adhesion to Bowman's
capsule (double arrow) and segmental expansion of the mesangium
(arrowheads). B. Advanced segmental glomerular sclerosis in an animal
with one and one—third nephrectomy on high protein diet. The area of
obsolescence includes more than 75% of the glomerular cross section;
conspicuous areas of hyalinosis surround some capillary loops (ar-
rows). C. The glomerulus reveals global obsolescence with collapse of
all capillaries (PAS, 210 x).
ron number is markedly reduced, dietary protein restriction
limits the glomerular transcapillary hydraulic pressure gradient
as well [3].
In addition to the potentially damaging effects of an elevated
transcapillary pressure gradient on the glomerulus, the en-
hanced glomerular permeability to circulating plasma proteins
may also represent a conspiring injurious factor in the patho-
genesis of glomerulosclerosis. Several investigators have sug-
gested that deposition of circulating proteins within the mesan-
gial region leads to expansion of this area [5, 13, 19, 20].
Mesangial cells may respond to certain of these proteins by
proliferation, together with enhanced production of matrix
and/or reduced degradation of normal matrix. In the present
study, proteinuria, reflecting an abnormal increase in passage of
circulating proteins through the glomerular capillary wall, may
have been accompanied by a parallel increase in passage of
circulating proteins into the mesangium. Such a relation would,
at least in part, explain the observation that the increasing
levels of proteinuria were predictive of the prevalence of
Renal effects of dietary protein 515
Fig. 5. Structural alterations affecting the tubules and the in terst ilium
were limited to animals with high degree of glomerular changes. A.
Occasional tubules show disruption of the wall (arrow) with extravasa-
tion of the tubule content into the interstitial tissue; there is mild
mononuclear inflammatory infiltration. B. Rare areas of calcium depos-
its were seen in the interstitium. A particular predilection for such
deposits to occur in any of the groups was not noticed. (PAS, 176 x).
uria and the rapidity of decline in whole kidney GFR in patients
Fig. 4. Representative glomerular alterations observed in animals with
one and one—third nephrectomy on high protein diet. A. There is
marked and segmental expansion of the mesangium, particularly prom-
inent in the left quadrants. B. This illustration shows the characteristic
changes observed in areas with segmental sclerosis. Numerous capil-
lary loops show deposition of hylaine material (arrowheads), and
adhesions to Bowman's capsule. Many epithelial cells show prominent
lysosomes (double arrows) and expanded mesangial areas contain
vacuolated ("foamy") cells (simple arrows). Notice a dilated arteriole
without changes in the vascular wall (asterisk) (1 jzm thick sections,
Toluidine blue, 210 x).
mesangial expansion. Although the present observations do not
prove a causal role for protein leak in the pathogenesis of
sclerosis, the groups of rats which had higher rates of protein
excretion at four months tended to have greater prevalences of
sclerotic glomeruli at that time. Moreover, while protein excre-
tion rates remained similar at eight months, the percentage of
glomeruli with sclerosis increased significantly in all groups
over the values at four months. Of note, recent clinical obser-
vations also demonstrate a correlation between level of protein-
with focal glomerular sclerosis [211.
Although elevations in systemic blood pressure may be
injurious to the kidney, the beneficial effects of dietary protein
restriction were not achieved through an effect on arterial
pressure. Indeed, the only significant difference in blood pres-
sure observed between the two dietary regimens occurred at
four months in the animals with one and one—third nephrec-
tomy, and in this instance the low protein fed rats had the higher
values of arterial pressure. Nevertheless, these rats had consis-
tently less glomerular injury as assessed by morphology and
proteinuria. This finding serves to stress the notion that sys-
temic pressure is of less relevance in determining glomerular
injury than are those pressures within the glomerular vascula-
ture itself [3].
Tubulo-interstitial deposition of calcium phosphate crystals
has been suggested as a mechanism for progressive damage to
the remnant kidney [22]. This suggestion has been based on the
observation that phosphate depleted rats live longer after sub-
total nephrectomy with better renal function and less histologic
injury to the kidneys than animals ingesting a normal amount of
phosphorus. The two diets employed in the present study
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necessarily differed in phosphorus content due to the fact that
casein, the protein source, contains organic phosphorus [23].
Thus, the low protein diet was 0.63% in phosphorus by weight
and the high protein diet wa 0.86%. Both levels of phosphorus
lie within the range of normal rat diets and both are well above
the very low phosphorus levels of 0.04% previously employed
to retard progression of injury in the remnant kidney [22]. Two
additional findings lead us to doubt that differences in dietary
phosphate account for our findings. First, plasma and urinary
concentrations of phosphorus were not consistently greater in
animals on the high protein diet. in fact, only in the urines of the
control groups were phosphorus levels higher on the high
protein diets. Moreover, the plasma phosphorus levels in the
low protein groups were substantially greater than the mean
value of 3.4 mg/dl previously reported in subtotally nephrecto-
mized animals subjected to frank phosphate depletion [22].
Finally, the absence of substantial amounts of crystalline de-
posits in sections of the remnant kidney tissue in any group at
either time interval after subtotal nephreetomy argues against
an important role for calcium phosphate deposition in our
study. Thus, while severe phosphate depletion may provide
some protection from progressive injury in the remnant model,
the results of several studies [8, 24], including the present one,
indicate an independent powerful effect of dietary protein per
se.
Sclerosis of glomeruli appears with aging in the normal rat
and involves the majority of glomeruli by the age of two years
in male rats fed ad libitum [121. Other rodents demonstrate
similar changes when allowed to eat in an unrestricted fashion
[251. The development of renal lesions can be retarded with
alternate day feeding or by restricting food intake by one—third
to one—half of the normal amount [26—29]. On the other hand,
glomeruloselerotie lesions are more abundant in animals eating
greater than the normal amount, whether hyperphagia is due to
hereditary predisposition or hypothalamic injury [30, 31]. Fur-
thermore, those animals with hereditary overeating develop
less glomerular disease when their food intake is restricted [30].
Inmost of these studies of aging animals with intact kidneys, all
dietary components have been increased or decreased propor-
tionally. Two recent studies of aging rats, however, have shown
that restricting intake of protein alone limits development of age
associated proteinuria and glomerular lesions [32, 33]. The
findings in control rats in our study further point to the protein
content of the diet as particularly important in determining the
appearance of renal lesions with aging, and suggest that the
protective effect of dietary protein restriction is related to
reduction in the GFR.
The relationship between GFR and percentage of glomeruli
demonstrating sclerosis demonstrated in Figure 3 is particularly
interesting. This relationship was developed from animals in-
gesting the high protein diet and subjected to one and one—third
nephrectomy. Animals studied at both four months and at eight
months were included. As demonstrated by the figure, more
than 20% of glomeruli may be afflicted by sclerotic lesions
without an appreciable fall in total GFR deriving from the
residual two—thirds of the kidney. We speculate that failure of
the GFR to decline with this appreciable degree of sclerosis
very likely results from an additional compensatory increment
in filtration of those (75 to 95%)residual glomeruli which remain
uninvolved. By such further compensatory hyperfiltration of
remnant nephrons, whole kidney GFR may remain nearly
stable despite the substantial structural damage. When the
percentage of glomeruli with sclerosis exceeds about 40% of the
remnant population, then the capacity of the already compen-
sated glomeruli may be maximal and further sclerosis cannot be
matched by yet greater adaptation in the less severely injured
units. (JFR must then begin to fall as glomerular injury
progresses. In the present study the relation between increasing
prevalance of glomerular lesions and declining GFR was devel-
oped in animals with the highest grade of ablation, in which the
initial number of glomeruli was about 30% of normal. Thus, the
above reasoning would suggest that compensatory hyperfiltra-
tion may continue to increase until the total fraction of neph-
rons lost or irreversibly damaged exceeds about three quarters
of the normal complement.
Another facet of the relationship illustrated in Figure 3 is the
potent role of dietary protein in setting the level of GFR, even
in the face of substantial renal injury. Animals with the same
initial two—thirds reduction in total renal mass but fed the low
protein diet had a substantially lower prevalence of sclerotic
glomeruli than that found in animals fed a high protein diet but
with comparably low GFR's. lndeed, the only high protein fed
rats which had GFR values in the range of those on the low
protein diet had several—fold higher prevalences of sclerotic
glomeruli. In other words, the high protein diet led to sufficient
hyperfunction which masked the effects of a great deal of renal
structural damage. This observation points out the hazard of
inferring the degree of structural renal damage from the GFR
value alone when other factors, particularly the protein content
of the diet, are not considered. The contrast between the high
and low protein groups also underscores the influence of dietary
protein as a modulator of renal function even in the damaged
kidney and even over protracted periods of time.
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